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(Schröder & Cunz 2007)

~12M

©NAOJ 4D2U project



Candidates of Nearby Supernovae
Candidates of nearby supernovae
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Red supergiants and Wolf-Rayet stars 
  within the distance of a few 100 pc

Possibility of the detection of low-energy neutrinos 
  from an SN progenitor before SN explosion

Betelgeuse (α-Ori) ... ~15-17M  , d = 197.2±44.9pc

Antares (α-Sco) ... ~12M  , d = 180pc ±15%

γ Velorum ... ~10M  Wolf-Rayet star, d = 336±8pc
(Schröder & Cunz 2007)

(Harper et al. 2008)

(North et al. 2007)
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Event numbers of an SN progenitor
  by KamLAND, SK, GAZOOKS, Borexino

Neutrino Emission during Si-Burning
Neutrino spectra after C-burning

(Odrzywolek et al. 2004; Misiaszek et al. 2006)

(Odrzywolek et al. 2007)

Plasma neutrinos (Odrzywolek 2007)

Weak interaction in Fe core (Odrzywolek 2009)

Neutrino emission from a progenitor of an electron-capture SN:
  comparison with neutrino emission from core-collapse SNe

(Kato et al. 2015, ApJ 808, 168)

We investigate neutrino emission of 12, 15, and 20M  stars
  during Si-burning.

Takashi Yoshida, September 9, 2015;  TAUP2015@Torino, Italy

Pair neutrinos



updated from Kato et al. (2015)

Estimation of Neutrino Spectra

Rate of neutrino emission by electron pair annihilations

|M|2 = 16GF2(hc)2 {(CA-CV)2(pe-. pν)(pe+. pν) + (CA+CV)2(pe+. pν)(pe-. pν)
             + me2c4 (CA2-CV2)(pν. pν)} (e.g., Dicus 1972; Yakovlev et al. 2001)

r(εν, εν) = 
16(2π)12h12 fe- fe+ (2π)4δ4(pe-+pe+-pν-pν)c d3pe-d3pe+dΩνdΩνεe-εe+ενεν

|M|2

Table of ν spectra as functions of T and ρYe 
Evaluation of ν spectra emitted from each mass mesh of a star

Evolution of massive stars until core-collapse (log TC ~ 9.8)

12, 15, and 20 M  models
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∫

(Yoshida & Umeda 2011; Umeda, Yoshida, Takahashi 2012; Takahashi, Yoshida, Umeda 2013;
         Yoshida, Okita, Umeda 2014; Takahashi, Umeda, Yoshida 2014; Takahashi et al. 2015)



Advanced Evolution of Massive Stars

Period of Si-burning depends on stellar mass. 
Observation of neutrinos from an SN progenitor

20M

12M

15M

Si-b

Information of the innermost region of the star

O-b
Ne-b

M/M Mf MCO MFe tSi-b (d)

12 10.6 1.82 1.28 8.6

15 12.3 2.74 1.49 4.4

20 14.3 4.64 1.44 1.1

progenitor models
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15 M  star

Neutrinos are mainly emitted by pair-annihilation of e--e+.
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Lν ~ 1045-47 erg/s during Si-burning

Neutrino Luminosity

Takashi Yoshida, September 9, 2015;  TAUP2015@Torino, Italy

C
-b

ur
ni

ng



-4

-3

-2

-1

0

 0  0.5  1  1.5  2  2.5  3

lo
g
 (

M
as

s 
F

ra
ct

io
n
)

Mr/M

8
9

10
11
12
13
14
15
16

 0  0.5  1  1.5  2  2.5  3

lo
g[
E n

, E
ν (

er
g/

g/
s)

]

Mr/M

0

0.5

1

1.5

2

2.5

 0  1  2  3  4  5

dN
ν/d
t (

N
/ 1

050
 s

)

Eν (MeV)

Neutrinos in Si-Burning

Enuc

Plasma

Pair

Weak

15 M  star (1.15 days)

He

C

O
Ne

”Si”
”Fe” Threshold

log TC = 9.56, log ρC = 7.72
MFe = 1.49M , MCO = 2.74M

νx

Takashi Yoshida, September 9, 2015;  TAUP2015@Torino, Italy

νe νe

νx



-4

-3

-2

-1

0

 0  0.5  1  1.5  2  2.5  3

lo
g

 (
M

as
s 

F
ra

ct
io

n
)

Mr/M

8
9

10
11
12
13
14
15
16

 0  0.5  1  1.5  2  2.5  3

lo
g[
E n

, E
ν (

er
g/

g/
s)

]

Mr/M

0

0.5

1

1.5

2

 0  1  2  3  4  5

dN
ν/d
t (

N
/ 1

051
 s

)

Eν (MeV)

Neutrinos in Shell Si-Burning

Enuc

Plasma

PairWeak

He

C

O Ne

”Si”

”Fe”

15 M  star (56.5 min.)

Threshold

log TC = 9.67, log ρC = 8.85
MFe = 1.49M , MCO = 2.74M

Takashi Yoshida, September 9, 2015;  TAUP2015@Torino, Italy

νx

νe

νeνx



-4

-3

-2

-1

0

 0  0.5  1  1.5  2  2.5  3

lo
g

 (
M

as
s 

F
ra

ct
io

n
)

Mr/M

8
9

10
11
12
13
14
15
16

 0  0.5  1  1.5  2  2.5  3

lo
g[
E n

, E
ν (

eg
g/

g/
s)

]

Mr/M

0
1
2
3
4
5
6
7
8

 0  1  2  3  4  5  6  7  8

dN
ν/d
t (

N
/ 1

051
 s

)

Eν (MeV)

Neutrinos in Core-Collapse Phase

Enuc

Plasma

PairWeak

He

C

O Ne

”Si”

”Fe”

15 M  star (final step)

Threshold

log TC = 9.81, log ρC = 9.47
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Neutrino Events by KamLAND

p + νe → n + e+

=             {Pee λνe(Eν) + (1-Pee) λνx(Eν)}σ(Eν) dEν∫dNν
dt

Np
4πd2

Np = 5.98×1031

νe detection by KamLAND

Pee: Transition probability of  νe → νe 

           Pee = 1 for no mixing
       Pee = 0.68 for normal
       Pee = 0.02 inverted
σ(Eν): neutrino reaction cross section 

νe event rate

d = 200 pc : distance to Betelgeuse
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(Gando et al. 2013)

(Strumia & Vissani 2003)

n + p → d + γ (tagging) 

scintillator (LS), which comprises the neutrino interaction
target (Fig. 1). The LS is contained in a 13 m diameter
spherical balloon made of 135 !m thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) compos-
ite film. The balloon is suspended in nonscintillating puri-
fied mineral oil contained inside an 18 m diameter stainless
steel tank. The LS consists of 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, and
1:36! 0:03 g=liter PPO (2,5-diphenyloxazole) as a fluor.
The scintillation light is viewed by an array of 1325
specially developed fast 20 inch diameter photomultiplier
tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs, providing 34% solid-angle cov-
erage in total. This inner detector (ID) is surrounded by a
3.2 kton water-Cherenkov outer detector that serves as a
cosmic-ray muon veto counter.

In September 2011, the KamLAND-Zen neutrinoless
double beta-decay search was launched [15]. This search
makes use of KamLAND’s extremely low background and
suspends a "" source, 13 tons of Xe-loaded liquid scin-
tillator (Xe-LS), in a 3.08 m diameter inner balloon (IB) at
the center of the detector, as shown in Fig. 1. To avoid
backgrounds from the IB and its support material, the !#e

analysis reported here is restricted to events occurring well
outside the IB.

Electron antineutrinos are detected through the inverse
"-decay reaction, !#e þ p ! eþ þ n, which yields a
delayed coincidence (DC) event pair signature that pro-
vides a powerful tool to suppress backgrounds. The prompt
scintillation light from the eþ gives a measure of the
incident !#e energy, E# ’ Ep þ !En þ 0:8 MeV, where Ep

is the sum of the eþ kinetic energy and annihilation $
energies, and !En is the average neutron recoil energy,
Oð10 keVÞ. The mean time for capture of the neutron
in the LS is 207:5! 2:8 !s [16]. The scintillation light
from the capture $ constitutes the delayed event of the
DC pair.

V. ANTINEUTRINO CANDIDATE EVENT
SELECTION

The data reported here are based on a total live-time
of 2991 days, collected between March 9, 2002 and
November 20, 2012. The data set is divided into three
periods. Period 1 (1486 days live-time) refers to data taken
up to May 2007, at which time we embarked on a LS
purification campaign that continued into 2009. Period 2
(1154 days live-time) refers to data taken during and after
the LS purification campaign, and Period 3 (351 days live-
time) denotes the data taken after installing the IB. We
removed periods of low data quality and high dead time
that occurred during LS purification and KamLAND-Zen
IB installation. The LS purification reduced the dominant
Period 1 background for !#e’s,

13Cð%; nÞ16O decays, by a
factor of %20. The high-quality data taken after LS
purification accounts for 50% of the total live-time.
Using a spherical fiducial scintillator volume with a
6.0 m radius, the number of target protons is estimated to
be ð5:98! 0:13Þ & 1031, resulting in a total exposure of
ð4:90! 0:10Þ & 1032 target-proton-years. The reduced
fiducial volume in Period 3 is accounted for in the detec-
tion efficiency; it contributes negligible additional fiducial
volume uncertainty for Period 3.
Event vertex and energy reconstruction is based on the

timing and charge distributions of scintillation photons
recorded by the ID PMTs. The reconstruction is calibrated
with 60Co, 68Ge, 203Hg, 65Zn, 241Am9Be, 137Cs, and
210Po13C radioactive sources. The achieved vertex resolu-

tion is %12 cm=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
, and the energy resolution is

6:4%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E ðMeVÞ

p
. The nonlinear, particle-dependent con-

version between deposited (real) energy and KamLAND’s
prompt energy scale is performed with a model incorpo-
rating Birks quenching and Cherenkov emission. The
model parameters are constrained with calibration data,
and contribute a 1.8% systematic uncertainty to the mea-
sured value of "m2

21. Using calibration data taken through-
out the fiducial volume during Period 1, we find that the
deviation of reconstructed vertices from the actual deploy-
ment locations is less than 3 cm. Incorporating a study of
muon-induced 12B=12N decays [17], the fiducial volume
uncertainties are 1.8% for the pre-purification data and
2.5% for the post-purification data.
For the DC event pair selection, we apply the following

series of cuts: (i) prompt energy, 0:9< Ep ðMeVÞ< 8:5;
(ii) delayed energy, 1:8< Ed ðMeVÞ< 2:6 (capture on p),
or 4:4<Ed ðMeVÞ< 5:6 (capture on 12C); (iii) spatial
correlation of prompt and delayed events, "R< 2:0 m;
(iv) time separation between prompt and delayed events,
0:5< "T ð!sÞ< 1000; (v) fiducial volume radii, Rp,
Rd < 6:0 m; (vi) and for Period 3, delayed vertex position,
Rd > 2:5 m and &d > 2:5 m, Zd > 0 m (vertical central
cylinder cut at the upper hemisphere) to eliminate back-
grounds from the KamLAND-Zen material. To maximize
the sensitivity to !#e signals, we perform an additional event

FIG. 1 (color). Schematic diagram of the KamLAND detector.
The shaded region in the liquid scintillator indicates the volume
for the !#e analysis after the inner balloon was installed.

REACTOR ON-OFF ANTINEUTRINO MEASUREMENT WITH . . . PHYSICAL REVIEW D 88, 033001 (2013)

033001-3

(Gando et al. 2013)



Neutrino Events of SN Progenitor

Neutrino events in one week

( p + νe → n + e+)
Normal mass hierarchy Inverted mass hierarchy

Neutrino events from an SN progenitor at d = 200pc
Detection by KamLAND

20M

15M

12M

20M
15M

12M

~ 12, 18, 24 (normal), ~ 6, 9, 13 (inverted)
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Neutrino Events of SN Progenitor

Peak energy

( p + νe → n + e+)
Normal mass hierarchy Inverted mass hierarchy

Detected spectrum of emitted positrons
Detection by KamLAND

20M

15M

12M

20M

15M
12M

~ 1 MeV
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M ~ 15M , Nνe ~ 32 (normal),  ~ 16 (inverted)

Distance to the progenitor

Discussion
Fiducial volume

Takashi Yoshida, September 9, 2015;  TAUP2015@Torino, Italy

JUNO, RENO-50 ~20 × KamLAND
Number of νe events is also ~20 times larger.

d = 197.2 ± 44.9 pc for Betelgeuse
d ~ 150 pc

M ~ 20M , Nνe ~ 16 (normal),  ~ 8 (inverted)d ~ 250 pc

(Harper et al. 2008)



Nνe ~ 12, 18, and 24 (normal),  ~ 6, 9, and 13 (inverted)
  in a week before SN explosion

12, 15, and 20 M  models @200pc (distance to Betelgeuse)

Summary
Neutrinos from the progenitor of a nearby SN 
  before SN explosion are detectable by KamLAND.

Tens neutrino events from a SN @ a few 100 pc
  in a few days ~ one week

νe + p → n + e+

Prospects
Investigation of the dependence of the emission rates and spectra 
  of neutrinos on stellar interior
Prediction of the neutrino events by other neutrino detectors
  such as SK, HK, JUNO, RENO-50, DUNE
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Candidates of Nearby Supernovae
Candidates of nearby supernovae
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Red supergiants and Wolf-Rayet stars 
  within the distance of a few 100 pc

Possibility of the detection of low-energy neutrinos 
  from an SN progenitor before SN explosion

Betelgeuse (α-Ori) ... ~15-17M  , d = 197.2±44.9pc

Antares (α-Sco) ... ~12M  , d = 180pc ±15%

γ Velorum ... ~10M  Wolf-Rayet star, d = 336±8pc
(Schröder & Cunz 2007)

(Harper et al. 2008)

(North et al. 2007)



20M

12M

Betelgeuse

Antares15M

Stellar Evolution on Stellar Surface
Diagram on effective temperature - luminosity plane

d = 197.2±44.9pc

d = 180pc ±15%
(Schröder & Cunz 2007)

(Harper et al. 2008)

main sequence red super giant

More massive star is more luminous.

Massive stars evolve to red super giants after core H-burning.
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vconv = 0 at the boundary

convective

radiative
overshooting

overshooting region: dov = αov Hp

dov

Large overshooting
Large CO core

αov: parameter

Convective boundary

Convective Region in Stellar Interior
Treatment of convection in 1D stellar evolution models

Convectively unstable with the change of chemical composition
Convection

(extended convective region)
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12M

Betelgeuse

Antares

15M

Stellar Evolution on Stellar Surface
Diagram on effective temperature - luminosity plane

d = 197.2±44.9pc

d = 180pc ±15%
(Schröder & Cunz 2007)

(Harper et al. 2008)

main sequence red super giant

Larger overshoot parameter

Models adopted in Kato et al.

More luminous star with larger CO core
Takashi Yoshida, September 9, 2015;  TAUP2015@Torino, Italy



Advanced Evolution of Massive Stars
Period and number of neutrino events depend on stellar mass. 

Observation of neutrinos from an SN progenitor
Information of the innermost region of the star

M / M MCO MFe tSi-b (d)

12 1.82 1.28 8.6

15 2.74 1.49 4.4

20 4.64 1.44 1.1

Models in this study

M / M MCO MFe tSi-b (d)

8.4 1.37 - -

12 2.22 1.44 4.9

15 3.26 1.51 2.4

Models in Kato et al. (2015)
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Neutrino Events of SN Progenitor

Neutrino events in one week

( p + νe → n + e+)
Normal mass hierarchy Inverted mass hierarchy

Neutrino events using models in Kato et al. at d = 200pc
Detection by KamLAND

15M

12M 15M

12M

~ 20, 30 (normal), ~ 11, 16 (inverted)
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Neutrino Events of SN Progenitor

Neutrino events in one week

( p + νe → n + e+)
Normal mass hierarchy Inverted mass hierarchy
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Advanced Evolution of Massive Stars
Period and number of neutrino events depend on stellar mass. 

Observation of neutrinos from an SN progenitor

20M

12M

15M Period from Si-burning
  to core-collapse

12M  : 8.6 days
15M  : 4.4 days
20M  : 1.1 days

Si-b

Information of the innermost region of the star

O-b
Ne-b
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Neutrino Events by KamLAND

p + νe → n + e+

=             {Pee λνe(Eν) + (1-Pee) λνx(Eν)}σ(Eν) dEν∫dNν
dt

Np
4πd2

Np = 5.98×1031

νe detection by KamLAND

Low energy threshold by neutron tagging 
Ethreshold = 1.8 MeV

Pee: Transition probability of  νe → νe 

           Pee = 1 for no mixing
       Pee = 0.68 for normal
       Pee = 0.02 inverted
σ(Eν): neutrino cross section (Strumia & Vissani 2003)

νe event rate

d = 200 pc : distance to Betelgeuse
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(Gando et al. 2013)



Massive star evolution model

Reaction network of 300 nuclei (n, H - Br)
Nucleosynthesis and energy generation

Massive Star Evolution Model

∂r
∂Mr 4πr2ρ

1=

∂Mr

∂Lr = εnucl - εν + εgravmin(∇ad, ∇rad)∂ ln T
∂ ln P =

∂P
∂Mr

GMr
4πr4= 1 ∂2r

∂t24πr2

Diffusive mixing of chemical composition

Ledoux criterion for convection

(e.g., Yoshida & Umeda 2011; Umeda, Yoshida, Takahashi 2012; Takahashi, Yoshida, Umeda 2013;
         Yoshida, Okita, Umeda 2014; Takahashi, Umeda, Yoshida 2014; Takahashi et al. 2015)

Semiconvection and overshooting are taken.

Mass loss
Rate: Vink et al. (2001); Nieuwenhuijzen & de Jager (1990)
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